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In situ scanning tunneling microscopy ~STM! has been used to examine the etching of an n-Si~001!
electrode in 0.1 M NH4F. Cathodic polarization facilitated chemical etching of Si~001! to give $111%
microfacets as a result of the tendency of Si to form a monohydride terminated surface.
Time-dependent in situ STM atomic images were obtained to demonstrate the preferential etching
at the kinks and steps. From the results of the time-dependent imaging, local etching rates were
evaluated for the specific crystallographic directions. A Si~001!:H-~131! square structure was also
obtained, demonstrating the presence of dihydride configuration in the beginning of the
etching. © 1995 American Institute of Physics.It is well-known that Si surfaces are terminated by hy-
drogen after chemical etching in buffered HF solutions.
Scanning tunneling microscopy ~STM! studies of chemically
etched Si~111! surfaces in ultra-high vaccum indeed revealed
an ideal Si~111!:H-~131! structure.1,2 Although these
hydrogen-terminated Si~111! surfaces are stable against oxi-
dation in air for several hours, no clear atomic image has
been obtained in ambient conditions. The reason seems to be
that the hydrophobic H-terminated Si surfaces are suscep-
tible to adsorption of impurities such as organic substances.
However, it was clearly shown that an ideal Si~111!:H-
~131! structure can directly be seen in solutions such as
H2SO4 and dilute HF.3,4 Allongue et al. recently reported a
layer-by-layer etching process of n-Si~111! in NaOH solu-
tions at cathodic potentials, showing long range ordered
~111! terraces terminated by monohydride.5,6 The appearance
of wide ~111! terraces and the well ordered ~131! structure
on the Si~111! surface stem from the chemically more stable
monohydride terminated species than the dihydride and tri-
hydride ones. On the other hand, chemical etching processes
of the Si~001! surface are more complicated than those of
Si~111!, because the Si~001! surface is expected to be termi-
nated by dihydride in the uppermost layer.7,8 From the prac-
tical point of view related to the development of the large
scale integrated ~LSI! technology, it is more desirable to have
an atomic level understanding of the chemical etching pro-
cess of Si~001! rather than Si~111! in buffered-HF solutions.
Here we report an in situ STM investigation of the
chemical etching of Si~001! in 0.1 M NH4F ~pH55!. At the
initial stage of etching, the Si~001! surface showed a nearly
ideal ~131! structure followed by the appearance of missing
atomic rows along the @110# direction. Subsequently, the pro-
gressive appearance of $111% microfacets was clearly seen on
the Si~001! substrate. A selective etching found on the mi-
crofacet allowed us to estimate the etching rates along the
@110#, @21¯1¯#, and @11¯1# directions.
The n-Si~001! wafers ~Sb-doped, 0.01 V cm! were ob-
tained from E. M. Semiconductor Inc ~Osaka, Japan!. The
crystallographic orientation of the Si wafers was determined766 Appl. Phys. Lett. 66 (6), 6 February 1995 0003-69
Downloaded¬08¬Jul¬2008¬to¬130.34.135.158.¬Redistribution¬suwith an x-ray diffraction technique. The Si wafers were thor-
oughly degreased by sonicating in pure ethanol and rinsed
with Millipore water. NH4F solutions were purchased from
Morita Chemicals ~Tokyo, Japan! and diluted with Millipore
water before use. The cyclic voltammetry was performed in
an electrochemical cell made by Teflon with Pt quasirefer-
ence and counter electrodes. The potentials reported here are
referred to a saturated calomel electrode ~SCE!. The poten-
tial was controlled with a Hokuto potentiostat ~Tokyo, Ja-
pan!. The STM was a Nanoscope III ~Santa Barbara, CA!
with a modified electrochemical cell employing two Pt wires
as the reference and counter electrodes. The tungsten tips
were electrochemically etched in 1 M KOH solution with 15
V ac and painted with nail polish ~Natural Nail, Osaka, Ja-
pan! after they were rinsed with water and acetone. This
procedure has been successful in decreasing the Faraday cur-
rent to less than 50 pA at 20.1 V in 0.1 M NH4F. These tips
routinely yielded atomic resolution on Si surfaces in solu-
tions.
Figure 1 shows a cyclic voltammogram of an n-Si~001!
electrode in a nitrogen-saturated 0.1 M NH4F solution. The
electrode was pretreated with a 40% NH4F solution for 1
min. The electrode potential was first scanned negatively
from the open-circuit potential ~OCP! of 20.4 V ~versus
SCE!. The cathodic current is due to the hydrogen evolution
FIG. 1. Cyclic voltammogram for n-Si~001! in nitrogen saturated 0.1 M
NH4F. The scan rate was 50 mV/s.51/95/66(6)/766/3/$6.00 © 1995 American Institute of Physics
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reaction. In the anodic scan, an anodic peak emerged at 20.2
V and the anodic current gradually decreased to a constant
level of 4 mA/cm2 at ;0.5 V. This limiting current increased
with an increase in the concentration of NH4F. These results
are consistent with those reported previously.9 The anodic
current might be explained by the oxidation of Si-H to form
Si-OH, injecting 2e2 into the conduction band of the n-type
Si~001! electrode.5,6,9
After holding the potential at 20.8 V for 2 h, in situ
STM imaging revealed the development of a staircase mor-
phology with the height decreasing from the left to the right
in the image shown in Fig. 2. All stairs are only 4 nm in
width but extend over more than 40 nm in length. Conse-
quently, this staircase-like feature is attributed to the forma-
tion of $111% microfacets. The thermodynamically stable
monohydride configuration ultimately drives this facetting
process. The height of each step is ;1.2 nm. The inset in
Fig. 2 shows an angle of 54.7° between the ~111! and ~001!
planes. The angle observed in the image shown in Fig. 2
seems to be consistent with the expected value. A similar
angle was reported in the previous paper.8 Apparently, step
bunching occurs on the extensively etched Si~001! surface,
producing the appearance of stairs with step heights greater
than the height of a monolayer.
It is remarkable that the in situ STM of the smaller scan
area shown in Fig. 3 clearly reveals atomic features on the
tilted $111% microfacets. Hexagonal arrays with an inter-
atomic spacing of 0.39 nm are clearly resolved on rather
narrow atomically flat planes. The steps separating these
$111% microfacets are most certainly double layers. Many
different types of kink sites can be clearly seen along the step
lines. These poorly defined step edges were obtained owing
to multiple hydrogen bonded Si atoms, although monohy-
FIG. 2. Topographic line scans showing the ~111! facets formation after 1 h
etching of Si~001! in NH4F solution. The potentials of Si and tip were held
at 20.8 V and 20.1 V, respectively. The tunneling current was 3 nA. Inset
in the figure shows the tilting geometric relationship between the ~111! and
~001! planes.Appl. Phys. Lett., Vol. 66, No. 6, 6 February 1995
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Fig. 3. Pits appeared on the narrow terraces indicate that the
etching also occurred by removal of monohydride Si on the
$111% microfacets. The formation of pits on Si~111! was pre-
viously explained by a random dissolution of Si atoms on the
~111! terraces.5,6 This is in contrast to another microfacets
where double layer steps form parallel to the ^110& direction.
Incidentally, we obtained time-dependent STM atomic im-
ages at the $111% facets, which highlight selective etching
initiated at kink sites. Figures 4~a! and ~b!, which reveal a
well ordered hexagonal structure on the diatomic stepped
facet, were obtained with a time lag of 20 s. It was found that
;9 Si atomic rows as an average, which correspond to ;170
Si atoms, in the outlined area of the first image disappeared
to expose the underlying plane which also exhibited a hex-
agonal structure. Atomically straight steps parallel to the
@110# direction are expected to be monohydride terminated.
The etching front initiated at the corner of the outlined area
shown in Fig. 4~a!, which are most likely to be of dihydride
configuration, and propagated along the @110# direction. Note
that the other step lines along the @110# direction remained
unchanged in these STM images, because no kink sites were
found along these step lines. The above observations allowed
us to estimate local etching rates along the @110# and @21¯1¯#
directions. The etching rates were 200 nm/min and 9 nm/min
in the @110# and @21¯1¯# directions, respectively. The etching
rate in the @21¯1¯# direction is equivalent to the lateral speed of
the monohydride terminated step.4 It is also possible to esti-
mate an etching rate of ;0.22 nm/min in the @11¯1# direction,
the vertical etching rate,4 by comparing the etched area with
the scan area of 7.537.5 nm2. Our present results highlight
the advantages of real-time and real-space STM atomic im-
aging methods for studying detailed etching processes with
an atomic level at the Si/solution interface.
Finally, it is noteworthy that we were able to acquire in
situ STM atomic images of a Si~001!:H-~131! structure on
p-Si~001! in an early stage of the etching. Despite the fact
that the atomic images were obtained at some local areas and
FIG. 3. High resolution image acquired with a constant height mode in the
area shown in Fig. 2. All $111% microfacets are separated by monolayer
steps.767Yau, Kaji, and Itaya
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did not represent a general feature on the entire surface, the
atomic image of a relatively high quality ~Fig. 5! unambigu-
ously shows the presence of a square Si~001!-~131! array in
the F2-containing solution. The atomic rows are parallel to
the ^110& directions. The periodicity of 0.39 nm in each row
can be clearly seen in the image shown in Fig. 5. This struc-
ture has been observed on both n- and p-type Si~001! elec-
trodes, though in a somewhat irreproducible manner. This
particular image was acquired in the dark on a p-Si~001!
electrode at the potential of 20.8 V, 700 mV more negative
than the tip potential. Although this ideal ~131! structure can
be obtained only at the initial stage of Si etching, the image
shown in Fig. 5 strongly encourages us to explore the possi-
bilities to find a way to prepare the ideal Si~001! surface
under an electrochemical condition.
FIG. 4. Time-dependent images @~a! and ~b!# showing preferential etching at
the kinks and steps. The internal structure of Si~111!-~131! at the facets can
be seen in the images. The marked area of ;4.233 nm2 ~a! was removed
within 20 s ~b!.768 Appl. Phys. Lett., Vol. 66, No. 6, 6 February 1995
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process of Si~001! in a nearly neutral NH4F solution. The
etching process seemed to be driven by the thermodynamic
stability of the monohydride species, and the formation of
$111% microfacets were observed at the initial stage of corro-
sion. Surprisingly, it was possible to acquire a STM atomic
image of the Si~111!:H-~131! structure on the ~111! plane,
which had a tilt angle of 54.7° with respect to the ~001!
plane. The time-sequenced high resolution images have un-
ambiguously shown the preferential etching at the line de-
fects, including steps and kinks. In situ STM has also re-
vealed a transient state of Si~001!-~131! structure before the
~111! facets emerged.
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